Finite element method (FEM) analysis is employed to study and compare AC losses in a wide frequency range in two MgB 2 superconducting wires in self-field and in the presence of external AC field. The modelled wires, of the same external dimensions, are mono-and 36-superconducting filaments embedded in either magnetic Monel or a nonmagnetic metallic wire sheath. We demonstrate that in a multifilamentary wire in self-field the Monel sheath serves as a 'pole piece' at the filament outer surface and alters local magnetic fields, current flow and AC losses distribution within the filament. In comparison with the nonmagnetic sheath with the same electrical conductivity, AC current in the wire with the magnetic sheath penetrates significantly deeper into the filaments and AC losses in the filament and in the magnetic sheath increase significantly. In contrast, the symmetry of the monofilament wire makes the current and loss distributions in the filament practically indifferent to the sheath composition. Still, losses in the magnetic sheath are much higher than in the nonmagnetic sheath due to increased flux dynamics. The application of DC current, on which the AC current is superimposed, sharply reduces the AC losses in the magnetic sheath material due to the drop in its permeability. Filament losses are also reduced in the presence of DC current, but to a much lesser extent. Results also show that in the kHz frequency range, the magnetic permeability of the sheath increases the skin effect in both the wire and filaments complex. As a result, at such frequencies, a significant portion of the current is carried by the metallic part of the wire instead of the superconductor, contributing to a further increase in losses. The analysis also shows that in the presence of external AC magnetic field, the Monel can provide magnetic shielding for inner filaments, thus reducing coupling effects between filaments. However, if magnetically saturated by the DC current, the Monel behaves quite similarly to a nonmagnetic sheath.
Introduction
Superconducting wires and coils used in high-current applications, such as superconducting magnetic energy storage (SMES) and high-voltage direct current (HVDC), are often exposed to small AC current ripples at frequencies in the 10 4 Hz regime, resulting from pulse width modulation (PWM) control algorithms [1] [2] [3] [4] . These AC ripples can induce significant AC losses, generating heat that falls as an extra load on the cryogenic system, increasing dramatically the cost of the device [2, [5] [6] [7] [8] [9] . In addition, excessive AC losses in the superconducting wires is a major factor in increasing the device instability and failure risk.
AC losses in superconducting materials are a well-studied phenomenon [10] [11] [12] . Superconducting wires, especially those with a magnetic sheath, are less explored because of the increased complexity due to the nonlinear magnetic nature of the filaments and the sheath and their mutual coupling [13] [14] [15] [16] . Moreover, most studies of AC losses in superconducting wires focus on relatively low frequencies, of up to several hundred Hz [17] [18] [19] [20] . In this work we use finite element method (FEM) modelling to analyze the AC losses in frequencies of up to 12.8 kHz, in two MgB 2 superconducting wires composed of a monofilament and 36-filaments embedded in magnetic (Monel, 70% Ni-30% Cu) and nonmagnetic metallic wire sheaths. The simulations show clearly that the total AC losses depend strongly on the magnetic properties of the wire matrix and sheath. In particular, the eddy currents in the Monel matrix are enhanced [13, 14] , and its high permeability changes the magnetic field penetration pattern inside the superconducting filaments, contributing to additional hysteresis loss in the superconducting material itself. This paper is organized as follows. In section 2 we describe the parameters used in the model for both the multiand monofilament superconducting wires. We then analyze the losses in self-field in wires carrying AC current only. Multi-and monofilament wires are analyzed in sections 3 and 4, respectively. The same wires carrying AC current superimposed on a 40 A DC current are analyzed in section 5 . In section 6 we analyze the losses of wires placed in external AC magnetic field. Finally, in section 7 we summarize the insights learnt from our simulations.
Model details
Two different topologies of a typical round wire with superconducting filament(s) have been compared in terms of their AC losses. Both wires have an outer diameter of 1.3 mm and they are composed of either a monofilament or 36-filaments, surrounded by either magnetic Monel or a nonmagnetic sheath. The radius of the monofilament is 0.276 mm and each of the 36 filaments has a radius of 0.046 mm, resulting in the same total superconducting cross section area of 0.15 mm 2 , 18% of the total wire cross section. The wires were simulated under two different scenarios. First, the wire is in a self-field state, carrying either AC current or DC with superimposed AC currents. The AC current of 8 A rms was chosen to be within the range used in previous experiments [13, 14] , while convenient and sufficient for modelling yet far from the critical current. This case is representative of cables and current leads in general use. The second scenario represents the case where the modelled wire is part of a coil. Every winding of the coil experiences a transverse magnetic field produced by the coil itself. To mimic these conditions without simulating the whole coil, the wire is placed in an external magnetic field generated by an additional solenoid. The transverse magnetic field produced by the solenoid is in phase with the current in the modelled wire, exactly as if the wire was part of the coil. In this case, the transverse magnetic field breaks the circular symmetry of the self-field state and leads to a totally different loss profile. The DC bias current used in both cases is either zero or 40 A. It was experimentally proven [13] that this current is enough to saturate the Monel and reduce dramatically the effects related to the magnetic properties of the Monel.
The finite element models of the wires, based on H-formulation [21] , have been built with commercially available software package COMSOL Multiphysics. The electrical behavior of the superconducting material is described by the E-J power law [22] . The sheath material resistivity used for the simulation is the measured resistivity of Monel at 10 K, 3.65×10 −7 Ω m −1 . For the magnetic matrix we take a The wires are modelled as infinitely long in 2D space, assuming fully coupled filaments (without twist pitch). The multifilamentary wire has 18 filaments on its outer layer. In self-field and relatively small current amplitudes, the current does not fully penetrate the outer layer of the filaments and uncoupled and coupled filaments behave similarly. To save computational time, only 1/18 of the wire was calculated with applied periodic boundary conditions on the sector boundaries, as shown in figure 1 . Thus, in the multifilamentary wire, only the outer layer of filaments was modelled. The inner layers are totally screened from magnetic field and currents. This approach holds only for the self-field scenario. When the wire is in external field, the model makes use of the two-fold symmetry, namely 1/2 of the wire was computed ( figure 1) .
In self-field and zero DC bias current, only two cycles of the AC current are enough to reach the steady state behavior of the losses. When DC current is added to the AC current, an exponential decay of superconducting losses occurs because of the initial DC current charging. In this case, at least 15 cycles are required to reach steady state waveforms. The energy loss is calculated by both time and spatial integration of J·E over superconducting and metallic domains independently, during the last period of the AC current, namely
The model parameters are presented in table 1.
Self-field, multifilament
In this section, wires in self-field configuration are analyzed. Figure 2 shows a dramatic influence of the Monel ferromagnetic properties on the losses of the superconducting filament(s). Losses in the superconducting filaments ( figure 2(a) ) is shown to increase by a factor of approximately three. In both cases, higher frequencies tend to reduce the losses. This is because part of the current flows in the metallic sheath instead of the filaments. This point is discussed further below.
The frequency dependence of the losses in the metallic sheath is presented in figure 2 (b). The main loss mechanism in the metallic sheath of a superconducting wire is eddy currents induced by alternating magnetic field. The high magnetic permeability of the Monel is responsible for higher magnetic flux dynamics, resulting in an increase in the losses by about four orders of magnitude. Figure 3 exhibits a momentary analysis of the multifilamentary wire simulated in self-field at the peak of 8 A rms in a selected frequency of 200 Hz. Clearly, the presence of magnetic material around the filament alters the magnetic flux density distribution, not only in the magnetic material itself but inside the superconducting filament as well. The scales in figures 3(a) and (b) are adjusted to the intensity of the magnetic field to have a better visualization of the effect. The magnetic sheath serves as a 'pole piece' and concentrates the magnetic flux on the outer edge of the filament, resulting in higher flux dynamics. More flux enters the superconductor through smaller areas where the total integration of the flux time-derivative over filament volume is higher for the magnetic sheath wire, hence the increased losses. Current density distribution in the filament is also affected by the change in the surrounding magnetic profile. Like the magnetic field, the current is also concentrated near the edge of the filament (figure 4). Figure 5 shows the total magnetic flux density integrated over the filament cross section, at maximum current amplitude of 8 A rms at 200 Hz, for both magnetic and nonmagnetic sheaths. The Monel sheath forces ∼70% more magnetic field to penetrate the filaments in self-field. The magnetic field is also more concentrated on the edge of the filament (figure 3).
These findings imply that local energy loss distribution results in a more localized heating that can lead to a hot spot. The presence of the magnetic sheath increases the filament loss by a factor of ∼2.8 inside the filament and the sheath loss by a factor of ∼10 4 . All the magnetic flux in the model is produced by the AC current in the wire, therefore if more flux enters the filament more flux leaves it every cycle. Figure 6 shows the flux time-derivative, ò ( )
averaged over the filaments. The current waveform is plotted in figure 6 in orange for a better visualization and easier analysis. The frequency of the flux time-derivative waveform is double the current frequency, because the calculation considers absolute value of flux, regardless of the direction. There is a small steplike feature at every maximum of the current, where the flux changes trend. Values of dB/dt are higher by ∼70% in the Monel wire and the waveform is less symmetric around the zero line. This can probably be attributed to the nonlinear nature of magnetic properties of the Monel.
The nonsinusoidal behavior of the dissipated power in the magnetic sheath ( figure 7(b) ) originates from the nonlinear magnetic properties of the Monel. Each time the AC current crosses zero, the magnetic field in the wire is very low and, as a result, the Monel has its highest permeability. At these times, / I t d d is maximal, inducing the highest eddy currents in the Monel.
The time derivative flux in the sheath averaged over the sheath area is depicted in figure 8 . The magnetic properties of the Monel increase the flux variation by two orders of magnitude and the momentary losses by four orders of magnitude.
The energy loss density of the multifilamentary wire in self-field at 200 Hz without DC current, at t=81 ms, is depicted in figure 9 . At this point in time the losses are near their maximum in the period. Here again, we see strong evidence for the influence of the outer sheath on the losses within the filaments. As expected, the loss density follows the magnetic field penetration profile. Although the area where most of the losses are concentrated is smaller for the magnetic sheath wire, the peak value of the losses in this case is about four times higher than for the nonmagnetic wire, resulting in higher overall losses.
At high frequencies, part of the transport current flows in the metallic section of the wire rather than in the superconducting filaments, even for the case of the nonmagnetic sheath. This happens in every conductor due to skin effect. The effect is amplified when magnetic Monel is being used and/or as frequency increases. Figure 10 shows the distribution of current between the filaments and sheath, in both scenarios, at 12.8 kHz. Apparently, for the Monel case, the current in the Monel peaks near the point where the total current in the wire crosses zero. At this point the Monel permeability is the highest, resulting in a stronger skin effect. With the increase in the total current, more of the Monel section is being magnetically saturated, thus taking less current. This change in the permeability of the Monel not only increases the skin effect and shares more current with the superconductor, but also increases flux dynamics and by doing so increases eddy currents losses in the sheath. On the other hand, sharing part of the current between Monel and the superconductor reduces the current in the filaments hence the superconducting losses. Also evident in figure 10(b) is a phase shift between the filament and sheath currents. This is an intrinsic property of induced currents since their source is the time derivative of the magnetic field.
The sudden transition of the Monel between nonsaturated and saturated states causes a very rapid flux change in the filament ( figure 12(b) ). At the saturation point of the Monel, which happens around t=0.5×10 −4 s, i.e. when the current reaches 8 A, all the current flowing in the sheath ( figure 10(b) ) is rapidly discharged, causing additional flux penetration into the filament. This transient causes a loss spike in the filament ( figure 11(b) ). This behavior is totally absent with the nonmagnetic sheath ( figure 11(a), figure 12(a) ).
Self-field, monofilament
For the monofilament wire in self-field, the filament losses are similar for the magnetic and nonmagnetic sheath wires ( figure 13(a) ) except at the highest frequency (12.8 kHz). The magnetic sheath increases the skin effect and causes more current to flow in the sheath and less in the filament ( figure 13(b) ). This current sharing phenomenon is even more pronounced for the monofilamentary wire than for the multifilamentary wire described above. Here the filament is carrying less current. A possible explanation is that the radius of the monofilament is smaller than the radius of the outer layer of filaments in multifilamentary wire. For the total wire diameter this makes the sheath thicker around the filament. This increases the current required for Monel saturation and increases the skin effect even further. Hence the metallic losses in monofilament are significantly higher than in multifilamentary wire for the same case ( figure 14) . The loss ratio of the sheath losses between magnetic and nonmagnetic sheaths remains the same for monofilamentary and multifilamentary wires.
DC bias
In this section we analyze the AC losses in the common case where AC current is superimposed on DC current. Specifically, we select here 40 A DC and 8 A rms AC currents, to match the values in our previous experimental studies [13, 14] . For this relatively low DC bias value the current flows in the outer filament layer without fully penetrating the filaments. The analysis of monofilamentary wire shows that there is virtually no difference in filament loss between magnetic and nonmagnetic metals surrounding the filament, see triangles and circles in figure 15 . As we show here, (see the 'x' and asterisk markers in the figure) this is not the case for a multifilamentary wire, where the filament losses are significantly higher when the sheath is magnetic.
To further investigate this difference, we analyzed the magnetic field distribution in the sheath. The magnetic field generated by the DC current is insufficient to fully saturate the Monel around the filaments. Instead, it creates areas with high and low permeability. The distribution of the permeability of the magnetic sheath in multifilamentary wire is shown in figure 16 for a temporary snapshot taken at the maximum peak current value of 51.3 A (40 A DC+8 A rms ). The division of superconducting material to filaments produces gaps in between successive filaments where the magnetic field is lower than at the far edge of the filaments, although the outer layer of filaments is filled with superconducting current. The concentration of magnetic field leads to higher f/ t d d compared to filaments with nonmagnetic sheath. Significantly higher DC currents can saturate the area around the outer layer of filaments, but then the inner layer of filaments experiences the same problem of nonsaturated Monel, however, with a smaller number of filaments. This can explain the relatively slow reduction of losses with increasing DC current [13] .
As seen in figure 17 , the sheath losses in monofilamentary wire are very similar in both magnetic and nonmagnetic sheath materials when 40 A DC current is added to 8 A rms AC, and are higher than in the case of the multifilamentary wire. Since for mono-and multifilamentary wires the superconducting cross section area and the diameter of the wire are the same, the single filament of the monofilamentary wire is constricted at the center of the wire. The amount of sheath material around the filament region is thus larger, hence the eddy currents loops are larger and, consequently, the losses are larger.
External magnetic field
Most superconducting applications are coil-based. Inside a coil, every single winding experiences the influence of the other windings in the coil. From the point of view of a single winding, the magnetic field it experiences is always transverse. The circular symmetry, as in the above discussed cases, is no longer valid. This scenario is modelled to represent the losses inside a wire when it is part of a coil. To model it, first we added a long solenoid of 10 windings around the wire oriented to create transverse field on the wire. Each winding of this additional solenoid carries the same DC and AC currents as modelled for the stand-alone wire. The current in this solenoid is in phase with the current in the modelled wire itself. The infinite 2D model implies fully coupled filaments. The selected coil geometry generates an external field of 7.4 mT A −1 . In this scenario, the alternating external magnetic field induces current both in the superconductor and in the sheath to expel the magnetic field.
As seen in figure 18 , in the presence of external magnetic field the difference in filament losses between magnetic and nonmagnetic sheaths, for both zero DC and 40 A DC bias, is smaller than in self-field ( figure 15) . Surprisingly, the lowest loss values are obtained for the magnetic sheath wire without DC bias (see hexagrams in figure 18(a) ). These results are in contrast to the self-field case ( figure 2(a) ), where the exact same wire configuration model exhibited the highest loss values. To explain this result, we note that the magnetic Monel is shielding the magnetic field in the central part of the wire and therefore currents flow in this area within the superconducting filaments. In figure 19 , a snapshot of such wire at the peak AC current amplitude of 11.3 A at 200 Hz is displayed. The right side of the wire carries positive critical current while filaments on the left side carry negative current. Due to lack of filament twisting the coupling between them is very strong, thus transversal AC magnetic field induces infinite current loops within the wire. In fact, most of the wire current is screening current rather than transport. Both wires with magnetic and nonmagnetic sheaths are subject to developing such currents. This coupling current is responsible for an increase of two orders of magnitude in filament losses compared to the self-field case for both cases. The sheath losses, however, are higher because this shielding effect induces higher currents in the sheath as well. Figure 20 displays the same scenario as in figure 19 , but for a nonmagnetic sheath. As clearly seen in the figure, in this case the magnetic field fully penetrates the wire. All filaments take part in screening the AC flux variation of the external field to the extent that in some filaments, at the center of the wire, positive and negative currents coexist in the same filament. Since the matrix has low permeability, the flux timederivative is lower, thus screening currents and losses are lower compared to the magnetic sheath case.
When DC current is added, the difference in superconducting filament loss diminishes (see orange hexagrams and purple triangles in figure 18(a) ) because the external field is enough to partially saturate the Monel and thus reduces the shielding effect of the Monel. This is also evident in the sheath losses which become lower with 40 A DC current ( figure 18(b) ).
At the zero AC current point one can see a trapped flux between positive and negative currents in the filaments (red and blue areas). This unique distribution of current causes the local field between the filaments to be even higher than the applied external field (figure 21).
Summary and conclusions
Monofilamentary and multifilamentary wire topologies have been modeled with FEM for AC losses in self-field and external magnetic field.
Our results reveal the disadvantages of using a magnetic sheath for superconducting wires exposed to high-frequency switching, suggesting a need to redesign wires for applications such as SMES. In self-field, the high magnetic permeability of Monel alters the magnetic flux density distribution, both inside the magnetic material itself and in the superconducting filament (s). The magnetic sheath causes the magnetic field to concentrate at the edge of the outer filaments of multifilamentary wire, resulting in an increase in the losses not only in the sheath but also in the filaments. Although the area of the filament where most of the loss occurs is smaller, the peak value of the loss in this case is about four times higher than for the nonmagnetic wire, resulting in higher overall loss.
For the multifilamentary wire at frequencies above ∼10 3 Hz, the eddy currents in the nonsaturated magnetic sheath dominate the filament losses and become the most significant heat source. These findings are in good agreement with results obtained experimentally [13, 14] . Upon decreasing permeability due to saturation, the eddy currents produced in the sheath decrease accordingly. In this case the relative reduction of loss in the sheath is higher than measured experimentally. This could be a result of magnetic hysteresis in the Monel which was neglected in our analysis.
The skin effect leads to current sharing between superconducting filaments and the metallic sheath reducing the losses in the filaments while dramatically increasing them in the sheath. A very rapid flux change in the filament, which generates momentary loss spikes, is caused by the transition of Monel from nonsaturated to saturated states and vice versa. Such localized dissipation might lead to hot spots in the wire and reduce the overall stability of the system.
In the monofilament wire, there is no difference in filament losses between the cases of magnetic and nonmagnetic sheaths. Due to the circular symmetry, the 'pole piece' effect which concentrates the field in the filament edges is absent, thus no increase in losses is observed in the superconductor. The losses in the sheath are much higher as expected in the case of magnetic Monel.
In the external magnetic field, the Monel partially shields the filaments, reducing the losses in them when no DC bias is applied. However, in this case the eddy currents losses in the sheath are increased. With DC current the external magnetic field deeply saturates the Monel resulting in quite similar behavior of losses in the filaments surrounded by either magnetic or nonmagnetic metal.
At low frequencies, due to strong filament coupling, the filament losses dominate in most cases where external field is applied. At high frequencies, sheath losses are similar or higher than filament losses. When the Monel is not magnetically saturated, it becomes the dominant source of AC losses. While in almost every superconducting coil the magnetic field is high enough to saturate the Monel, there will always be an area in the center of the coil where the field is very small. This area may behave as an undesired heat source, adding to the disadvantages of using a magnetic sheath in applications such as SMES, where the wires are exposed to AC current ripples. 
